Desmosomes are a complex assembly of protein molecules that form at the cell surface and mediate cell-cell adhesion. Much is known about the composition of desmosomes and there is an established consensus for the location of and interactions between constituent proteins within the assembly. Furthermore, X-ray crystallography has determined atomic structures of isolated domains from several constituent proteins. Nevertheless, there is a lack of understanding about the architecture of the intact assembly and the physical principles behind the adhesive strength of desmosomes therefore remain vague. We have used electron tomography to address this problem. In previous work, we investigated the in situ structure of desmosomes from newborn mouse skin preserved by freeze-substitution and imaged in resin-embedded thin sections. In our present work, we have isolated desmosomes from cow snout and imaged them in the frozen unstained state. Although not definitive, the resulting images provide support for the irregular groupings of cadherin molecules seen previously in mouse skin.
Introduction
Epithelia are specialized cellular assemblies that line the internal and external surfaces of most tissues. By adopting this topology, epithelia provide selective permeability and protect surrounding tissues from mechanical and chemical insult. Adhesive junctions are prevalent between the cells that compose epithelia: both adherens junctions and desmosomes serve to maintain cellular organization and to resist mechanical forces [1] . Desmosomes are particularly important in tissues that experience mechanical challenge, such as skin and heart, where genetic or autoimmune defects are manifested in disease states [2, 3] . In addition to a structural role, other reports have also indicated that desmosomes can be dynamic [4] and may play a role in cell-cell signalling [5] .
Desmosome architecture
Structurally, the desmosome is a discrete molecular assembly that couples the membranes of two adjacent cells [6] . This assembly consists of a cluster of transmembrane proteins anchored to an extended scaffold of intermediate filaments that propagate across the entire epithelium. The anchoring is carried out by a heterogeneous assembly of proteins (plakoglobin, plakophilin and desmoplakin) that form a plaque at the intracellular surface of the membrane. The transmembrane proteins (desmoglein and desmocollin) belong to the cadherin family, which generally mediates calcium-dependent cell-cell adhesion in vertebrate tissue [7] . Cadherins are composed of an extracellular portion with five Key words: cadherin, cell adhesion, desmosome, electron tomography, three-dimensional reconstruction. 1 To whom correspondence should be addressed (email Stokes@saturn.med.nyu.edu). tandem Ig-like domains, a single transmembrane helix and a cytosolic domain designed to interact with various proteins that compose the intracellular plaque. Each extracellular domain consists of ∼ 110 amino acids [8] that adopt a β-sandwich fold with the topology of a Greek key [9, 10] . Three calcium ions are bound to the loop connecting successive domains [11, 12] via conserved sequence motifs. In this way, calcium binding confers rigidity to the domain interface and has been shown to induce the entire extracellular domain to assume an extended structure [13] .
Desmosomal cadherins are closely related to the better studied classical cadherins, which are also known as type I cadherins and are found primarily in adherens junctions. Both types of cadherins possess a conserved tryptophan residue near their N-terminus that has been shown to be critical to adhesivity [14] . However, desmosomal and classical cadherins are functionally distinct. The former engage in heterophilic interactions, whereas the latter employ homophilic interactions; they also use different cytoplasmic proteins to couple to unique cytoplasmic elements: intermediate filaments and actin filaments respectively [1] . Nevertheless, a compelling model for adhesion involves the conserved tryptophan residue and probably applies to both desmosomal and classical cadherins. In particular, the side chain of Trp 2 has been observed binding within a hydrophobic pocket in the first extracellular domain of a crystallographic neighbour, which presumably corresponds to a partner cadherin from the apposing cell membrane [9, 12] . However, alternative models have been proposed based on different molecular contacts observed in other crystal forms [11, 13] and on surface force measurement [15] [16] [17] . None of these models provides an explanation for the ability of cadherins to recognize specific binding partners. Furthermore, there is little consensus for the location of the cis interactions between cadherins on the same cell surface.
Electron tomography
Electron microscopy has the potential to distinguish between alternative models for cadherin interactions. Using electron tomography, it is possible to visualize the three-dimensional structures of pleomorphic cellular assemblies [18] . This technique involves recording two-dimensional projection images of the specimen over a wide range of tilt angles, typically ± 70
• , followed by alignment and back projection to create a three-dimensional representation of the original object [19] . The success of this technique depends on the ability to preserve the macromolecular assembly in the electron microscope during the extensive imaging procedure. In previous work, we used rapid freezing and freezesubstitution to prepare thin sections of resin-embedded epidermis from newborn mouse skin [20] . The resulting electron tomograms revealed gently curved shapes within the intercellular region of the desmosomes that closely resembled the extracellular domain of classical cadherin molecules as determined by X-ray crystallography [12] . This X-ray model was fitted to the three-dimensional map from electron tomography, demonstrating how the proposed Trp 2 interaction could mediate both cis and trans interactions. Furthermore, flexibility in the N-terminal tail would allow molecules to form irregular groupings, where enhanced intermolecular interactions would provide additional mechanical strength to the junctional assembly. More recently, images were presented of human skin sections preserved in the frozen unstained state [21] . Although these were two-dimensional projection images and do not benefit from the three-dimensional analysis of tomographic imaging, the images show cadherins that appeared to be regularly arranged with a 5 nm periodicity, rather than the grouping observed by He et al. [20] . Furthermore, desmosomes appear to have a 7.5 nm periodicity in historical images of the guineapig heart [22, 23] . In order to investigate whether preparative methods were responsible for these apparent differences, we have prepared isolated desmosomes from cow snout in order to image them in the frozen unstained state using cryoelectron tomography.
Structure of in situ desmosomes
Initially, we compared the in situ structure of desmosomes from neonatal mouse and cow snout epidermis using electron tomography on thin sections of freeze-substituted resin-embedded tissue. Cow snouts were obtained from a local slaughterhouse, and epidermis was removed from the surface using a scalpel. Thin slices that included the stratum spinosum were immediately processed for high-pressure freezing as follows. A 1 mm diameter tissue punch was used to cut plugs from the epidermis, which were then loaded into specimen planchets that had been dipped in hexadecene. Type-A planchets (Bal-tec) were selected to provide an internal cavity with 200 μm thickness. In parallel, we also prepared neonatal mouse skin epidermis as described by He et al. [20] . Freeze-substitution involved incubation of samples in a 1 ml solution of acetone containing 1% osmium tetroxide and 0.1% uranyl acetate as follows: − 90
• C for 48 h, − 60
• C for 24 h, − 30
• C for 18 h, with all transitions at 5
• C/h. After warming to 0
• C, samples were washed with fresh acetone and then embedded in LX112 epoxy resin, which was polymerized at 60
• C. Ultrathin sections of approx. 50 nm were cut with a 45
• diamond knife and post-stained with 2% uranyl acetate and 0.4% aqueous lead citrate.
In the resulting images (Figure 1 ), mouse epidermis was characterized by linear cell borders. Although punctuated by frequent desmosomes, these borders nonetheless had considerable amounts of free membrane surface area. In contrast, cow snout epidermis was characterized by numerous circular cell boundaries, reflecting a preponderance of interdigitating filipodia that serve to maximize contact area between adjacent cells. At least 50% of the surface area surrounding these filipodia was engaged in desmosomes, thus conferring necessary mechanical resilience to this tissue.
Electron tomography was used to provide a more detailed view of desmosome architecture. Individual images were collected using the SerialEM program [24] on a 200 kV, field emission electron microscope (Tecnai F20) using a high-tilt tomography holder and a 4 megapixel × 4 megapixel CCD (charge-coupled device) camera. The tilt angle was ± 70
• with an interval of 2
• at zero tilt that varied according to the cosine of the tilt angle. The defocus was 8-12 μm and fiducial free image alignment was done by cross-correlation prior to calculating the final three-dimensional structure by back projection [25] . A Gaussian low-pass filter was applied to each tomogram to suppress information beyond the first zero of the contrast transfer function and a 3 × 3 median filter was applied to reduce noise and enhance edges.
Slices from the resulting tomograms show that desmosomes from cow snout and mouse skin display similar features (Figure 2 ). In the mouse desmosomes, the intracellular region consists of inner and outer dense plaques that tether intermediate filament bundles to the membrane, and the intercellular region is characterized by a line of density running halfway between the apposed cell membrane termed the midline. The inset of Figure 2 (A) illustrates how this midline arises from the overlapping of cadherin proteins, which are visible as thin strands crossing between the apposed cells [20] . These features are greatly exaggerated in cow snout desmosomes. The density of cadherins is much greater and, although individual densities are occasionally visible in the intercellular space (arrows in Figure 2B ), individual molecules are generally difficult to discern even in the tomographic slices. Interestingly, the intercellular distance in cow snout desmosomes (42.7 ± 2.63 nm; n = 8) was significantly larger than in mouse skin desmosomes (32.70 ± 1.97 nm; n = 4). Finally, the density of intermediate filaments in the cytoplasm also appeared to be much higher in cow snout epidermis, appearing as an undifferentiated clot in the tomographic slices compared with the distinct filaments in equivalent slices from mouse skin. Indeed, the preponderance of intermediate filaments in cow snout appeared to exclude virtually all other organelles from the nearby cytoplasm (e.g. ribosomes visible in Figure 1B , but not in Figure 1D ).
Conditions for isolating desmosomes for electron tomography
In order to optimize conditions for isolating desmosomes, we investigated the effects of different buffers on desmosome structure in situ. Previous methods for isolating desmosomes from cow snout have relied on citrate to solubilize the non-cornified layers of the epidermis [26, 27] . These isolated desmosomes were shown to have a similar morphology to those in the tissue and were used to establish the biochemical composition [28, 29] . Nevertheless, citrate is a calcium chelator and therefore has the potential to interfere with cadherin structure, which relies on Ca 2+ ions to mediate interactions between the extracellular cadherin domains and maintain the extended shape of the molecule [13] .
To evaluate the effect of pH and citrate on desmosome structure, slices of the intact stratum spinosum were incubated at 4
• C in 0.1 M glycine/HCl buffer (pH 2.6), 0.1 M Pipes buffer (pH 7.4) or 0.1 M citrate buffer (pH 2.6) for either 1 or 7 days. All three buffer solutions also contained protease inhibitors (5 μg/ml each of pepstatin and leupeptin) upper left) , but the density of cadherin molecules is generally much higher. Even in regions of undifferentiated intercellular density, the midline can be appreciated by viewing the slice at a glancing angle. Scale bars, 6 nm. and 0.05% Nonidet P40. The characteristic midline was seen in all samples after 1 day of incubation in the three buffers ( Figures 3A-3C ). However, after 7 days of incubation, this midline had disappeared in samples incubated in citrate ( Figure 3F ), but was still apparent in those from glycine/HCl and Pipes buffer ( Figures 3D and 3E) . We therefore decided to use the glycine/HCl buffer for isolation of desmosomes for electron tomography.
Morphology of isolated desmosomes
Desmosomes were isolated at 4
• C from 20 cow snouts according to a modified method of Gorbsky and Steinberg [27] . To start, 12-15 g of the tissue consisting primarily of stratum spinosum were added to 0.1 M glycine/HCl buffer (pH 2.6) containing 0.05% Nonidet P40 and 5 μg/ml each of pepstatin and leupeptin. After incubation in buffer for 30 min at 4
• C, the stratum spinosum slices were finely minced with a razor blade, suspended and stirred vigorously overnight in glycine/HCl buffer at 4
• C. After filtering through a 51 μm polyester netting, the filtrate was centrifuged at 13 000 g for 30 min. The pellet was resuspended in the same buffer and sonicated with a microprobe. The resulting suspension was centrifuged at 750 g for 30 min, and a pellet containing residual cell debris was discarded. The supernatant was further centrifuged at 12 000 g for 30 min, producing a trilaminar pellet with desmosomes on the top, pigment in the middle and cell debris and nuclei at the bottom. The topmost pellet was retrieved, washed and repelleted three or so times until the pellet contained only a single layer. This washed pellet was resuspended in glycine/HCl and sonicated further. This solution was placed on to a discontinuous sucrose gradient (40-60% w/v) followed by centrifugation at 180 000 g for 3 h. A single dense white band formed at the 55-60% interface, which was collected and resuspended in glycine/HCl buffer. Finally, these purified desmosomes were washed three times to remove the sucrose by centrifugation at 22 000 g for 30 min at 4
• C. The morphology of isolated desmosomes was initially evaluated by negative staining and in thin sections prepared by freeze-substitution (Figure 4) . In negative staining, the desmosomes appear to be disc-shaped with diameters between 300 and 600 nm. The desmosomes generally lie with their membrane plane oriented parallel to the specimen support, which does not provide a direct view of the intercellular gap. However, negatively stained desmosomes are occasionally curled up at the edges to reveal the two apposing membranes and the intervening gap, although the corresponding cadherin structures were not generally well preserved by this technique. On the other hand, thin sectioning of desmosome pellets produces frequent views parallel to the membrane plane and indicated that the overall morphology of the desmosomes had survived the isolation procedure. In particular, transverse sections of resin-embedded desmosome pellets revealed the leaflets of the bilayer and the midline produced by the overlapping cadherin molecules ( Figure 4C , inset). In addition, components of the intracellular plaque were visible at the periphery of the structure and formed distinct bands parallel to the membrane, similar to those seen in the desmosomes from mouse skin ( Figures 1A and 2A) . Intermediate filaments were not present in these preparations, because the isolation conditions are specifically tailored to depolymerize intermediate filaments and thus disconnect the desmosomes from the cytoskeletal network.
Tomography of frozen isolated desmosomes
We turned next to imaging isolated desmosomes in the frozen unstained state. Our goal was to compare tomograms of these frozen-hydrated samples with those from freezesubstituted epidermis to investigate whether the procedures of freeze-substitution and plastic embedding had negatively affected the preservation and/or the cadherin organization. We collected tilt series of these samples with two different 
6). (E) After 7 days in Pipes buffer (pH 7.4). (F) After 7 days in citrate buffer
(pH 2.6). The presence of a dense midline was taken to indicate a native organization of cadherin molecules. This midline disappeared after incubation in citrate buffer for 7 days. Despite the disappearance of the midline, the overall desmosome structure remained intact. Scale bar, 12 nm.
electron microscopes operating at either 200 kV (FEI Tecnai F20) or 300 kV (FEI Polara). Tilt series were recorded at 25000 × magnification using a total electron dose of 50 electrons/Å 2 (1 Å = 0.1 nm) and a defocus of 16 μm. The 300 kV instrument was coupled to an energy filter, and a 15 μm slit was used to remove inelastically scattered electrons and thus produce zero-loss images.
We used Fourier shell correlation to assess the resolution of these datasets. For this calculation, images were divided into two halves containing even and odd images from the tilt series [30] . Based on a cut-off of 0.5, this analysis indicated a resolution of ∼ 10 nm for the cryotomograms. In comparison, tomograms from stained sections produced a resolution of 3 nm, indicating that the lower electron dose required for cryotomography poses a significant limitation. Nevertheless, these values represent underestimates of the true resolution in the final tomogram, because of statistical effects of dividing the data into two. Furthermore, resolution is anisotropic given the tilt geometry used for data collection, thus producing better resolution parallel to the specimen support and worse resolution in the perpendicular direction. For visualization of the tomograms, a Gaussian low-pass filter was applied to the final dataset in order to suppress information beyond the first zero of the contrast transfer function followed by a 3 × 3 median filter to reduce noise and enhance edges.
Similarly to negatively stained samples, desmosomes imaged in the frozen unstained state tend to lie with the membrane plane parallel with the support film. This situation is inevitable due to the trapping of a disc-shaped structure within a thin (100-200 nm) layer of water before freezing. However, similarly to samples in negative stain, some desmosomes curl up at the edges and thus provide views of the membrane bilayer and the cadherins within the intercellular gap ( Figure 5 ). These tomograms revealed the basic trilaminar features seen in stained desmosomes in situ: namely, apposed membranes separated by a distinct midline and flanked by remnants of intracellular material. These features and the corresponding resolutions were equivalent in tomograms taken from the two microscopes, suggesting that the higher accelerating voltage and energy filtration were not essential for imaging this particular specimen. Close examination of the midline reveals an irregular pattern of globular densities within the intercellular space that is not seen along the membrane and is consistent with the presence of unresolved groups of cadherin molecules along this midline. We hoped to see strand-like densities, corresponding to individual cadherins, running between this midline and the membrane. Instead, we observed a dark band separating these two features. We believe that this band represents an artefact arising from the high defocus required to produce phase-contrast from unstained samples. This dark fringe can, in fact, be seen on both sides of the membrane and will tend to mask connections to the membrane, although our observations of in situ stained desmosomes suggest that the cadherin density in cow snout epidermis may be too high to distinguish individual densities in this region even in the absence of this defocus fringe.
Discussion
In the present paper we have compared desmosomes from newborn mouse epidermis with those from cow snout. The number of desmosomes, the density of proteins that compose these desmosomes and the density of intermediate filaments associated with the desmosomes were all significantly higher in cow snout. Undoubtedly, this situation reflects the increased mechanical challenge to the epidermis in the snout. Although we were not able to distinguish individual cadherin molecules in tomographic slices from cow snout desmosomes, the irregular appearance of the midline is consistent with the grouping of cadherin molecules observed previously in freeze-substituted mouse epidermis. Furthermore, the appearance of the intercellular region in freeze-substituted desmosomes from cow snout is rather similar to frozen unstained isolated desmosomes, suggesting that the protocols used for freeze-substitution do not cause major rearrangement of cadherin packing within the intercellular region. Thus the reported differences between Slice from a tomogram recorded with 300 kV using an energy filter to exclude inelastically scattered electrons. The same features are visible in both tomograms. These particular examples were selected because the desmosome curled up at the edge to provide a direct view of intermembrane space. The two bilayers (arrows) are clearly visible as well as a build-up of material at the midline (arrowhead). This midline appears to be composed of globular densities, which probably correspond to the groups of cadherin molecules seen previously in freeze-substituted samples. Scale bars, 50 nm.
cadherin packing in freeze-substituted resin-embedded mouse epidermis [20] and frozen-hydrated sections of human forearm epidermis [21] may be due to different conditions within these respective tissues. Indeed, the model presented by He et al. [20] emphasized inherent structural flexibility in the association of cadherin molecules. Others have suggested that pairwise cadherin interactions are actually rather weak and that desmosomal strength results from the sum of a great number of weak interactions between molecules clustered at a discrete location on the cell membrane [31] . Thus, in tissue placed under repeated, possibly directional, stress, irregular groups of cadherin molecules might be remodelled, in some circumstances, to form a quasi-ordered array. Further comparisons of the architecture of desmosomes in a variety of tissues will be required to address this possibility.
We documented changes in desmosome organization when slices of cow snout epidermis were incubated in citrate buffer. In particular, these desmosomes lost their midline, which is consistent with previous observations of desmosomes formed between cultured cells that had been incubated in the calcium chelator EGTA. These morphological effects were also associated with a weakening of cell-cell adhesion [23, 32] . Since citrate buffer also serves as a calcium chelator, we assume that this may be a similar effect. Interestingly, wounding of mouse epidermis was also shown to disrupt desmosome morphology and to weaken cell adhesion in a similar way [23] . These observations indicate that desmosome structure is dynamic and thus responsive to environmental cues. From a technological point of view, isolated desmosomes are relatively easy to prepare and image by electron tomography. However, to address native morphology, tissue-specific architectural differences and structural dynamics, it will be preferable to image desmosomes within their native cellular environment. For this reason, we are currently using cryo-ultramicrotomy to produce sections from frozen unstained epidermis. Although this approach suffers from the innately low contrast and severe radiation-sensitivity of unstained material, it is essential to establish the reliability of freeze-substitution in preserving structural detail at a molecular level.
